Abstract-Most analytical studies of the performance of space diversity systems on fading channels assume a very rich multipath environment. In certain wireless applications, however, the number of significant multipath components can be small. In this letter, we consider a multipath channel in which the signal propagates from the transmitter to the receiver via discrete paths which are uniformly distributed about the transmitter and receiver. For this channel, we study the effects of the number of multipath components and antenna array size on the error probability and outage capacity of space diversity systems. We observe that performance is significantly influenced by the presence of a channel with few multipath components.
I. INTRODUCTION

E
ARLY RESEARCH on space diversity focused primarily on receive diversity. Over the past few years, many transmit diversity methods have been proposed, and some of the earliest work can be found in [1] , [11] , [14] , and [18] . Interest in systems with multiple transmit and receive antennas has been sparked by results on space-time coding [6] , [7] , [14] , [16] , which show that such systems can achieve significant gains in spectral efficiency and mitigate the effects of fading.
Most analytical studies of space diversity assume a very rich multipath environment. In the Clarke-Jakes fading model [8, Ch. 1] , the received signal consists of a large number of multipath components that arrive uniformly from all angles, and therefore, the channel impulse response can be modeled as a Gaussian process. When fading is frequency nonselective, these assumptions lead to the widely used Rayleigh model for the received signal envelope. The Clarke-Jakes model further predicts that the signal envelopes at different antennas are independent if the antennas are separated by roughly half a wavelength.
In certain realistic propagation environments, however, the number of significant multipath components can be small: 5-18 for wireless local loop [15] , 6-12 for rural and suburban cellular telephony [5] , and 9-18 for indoor factory applications [10] . In these situations, it may be more appropriate to adopt a discrete multipath model [17] . Many efforts have been made to find simple channel models able to characterize the fading channel for multiple antenna systems, and study how performance is affected by the propagation parameters. In [13] , the authors present channel measurements assuming angle spread at the transmit and receive arrays, and show that the different multipath components can be resolved, anticipating possible capacity enhancements. In [2] , each multipath component is considered uncorrelated and characterized by angle of arrival, angular spread, and complex path gain. It is shown that the angular spread and the delay spread significantly increase capacity. A study of the effect of the correlation between multipath components on the channel capacity of multiple antenna systems is considered in [12] , where the fading channel is characterized by antenna spacing, angle spread, and angle of arrival.
In this letter, we consider a simple channel model in which the signal propagates via discrete paths, uniformly distributed about the transmitter and receiver. For this channel, we examine the dependence of error probability on the number of multipath components and the array size for systems that employ receive diversity, transmit diversity, and space-time coding. Moreover, the influence of the number of multipath components on the channel capacity is investigated, depending on the availability of channel estimate at the transmitter.
II. CHANNEL MODEL
We consider a channel in which an array of transmit antennas sends data to an array of receive antennas via different paths. The fading is assumed flat in frequency and slowly varying in time. Let be the -dimensional discrete-time baseband signal sent at time . The th multipath component can be represented as a plane wave which arrives at the receive array with angle and gain , where is the angle of departure from the transmit array, is a complex fading path gain, and is the transmit array response vector. The transmit and receive arrays are both assumed ideal uniform linear arrays, with array response vector , where is the array interelement distance. The receiver forms a sequence of -dimensional received vectors (1) where is an matrix of fading path gains. Here, is the receive array response vector, and is a sequence of -dimensional independent and identically distributed (i.i.d.) zero-mean complex Gaussian random noise vectors with covariance . The coefficient is equal to , where is the signal-to-noise ratio (SNR) per receive antenna. In a matrix form, we can write (1) To gain insight about how the performance of space diversity systems depends on , , and , we now make some simplifying assumptions concerning the other channel parameters [4] , [9] . We assume that the path gains are i.i.d. complex Gaussian random variables, and that the angles and are i.i.d. and uniformly distributed over [0, ). Under these conditions, , where is the trace. If the signals are chosen from a unit-energy constellation, we can write , where is the average signal energy received per antenna, and is the two-sided noise power spectral density. Let be the complex path gain from transmit antenna to receive antenna (2) For large , this model is essentially the Clarke-Jakes model. To see this, note that the joint distribution of the elements of converges as to a complex Gaussian distribution with zero mean and correlation (3) where is the zero-order Bessel function of the first kind. If the elements are spaced such that whenever or , then has i.i.d. Gaussian components. This condition holds for if , , and otherwise for large .
III. SPACE DIVERSITY SYSTEMS
First, we consider a receive diversity scheme in presence of the discrete multipath channel described in Section II, with Doppler frequency equal to zero.
Let , , be the series of data bits, then differentially encoded. At the receiver, the maximal ratio combining rule gives , where . Given , the conditional probability of error is . For the Rayleigh model, if the receive antennas are properly spaced, the elements of are i.i.d. complex Gaussians. Averaging the error probability with respect to the distribution of , we obtain
where is the total SNR. Note that this converges to as , which is the error probability in the absence of fading.
We now evaluate by simulations the error probability of a receive diversity scheme in presence of the discrete multipath channel. Fig. 1 shows the bit-error probability, , of a channel with multipath components and the Rayleigh channel (4), for several values of . Observe that discrete multipath can inflict an error probability significantly larger than that predicted by (4) for small . For a fixed value of , the penalty in terms of SNR increases with the receive array size . Note that as increases, the error probability tends to the Rayleigh error probability for . In other words, the diversity gain is determined by the number of multipath components rather than the number of receive antennas . Further note that it is needed to approach a diversity gain of . As increases, this penalty in terms of SNR between discrete multipath with antennas and Rayleigh assumption with decreases. As an example, to get within 1 dB of a diversity gain of at requires for and for . To achieve the performance predicted by the Rayleigh model for a fixed array size, would require . Simulation results (not shown here) suggest that to get within 1 dB of the Rayleigh curve for receive antennas at requires . We now consider the performance of the delay diversity scheme [11] , [14] , [18] in the presence of the discrete multipath channel. Fig. 2 shows the performance of the delay diversity scheme with for quaternary phase-shift keying (QPSK) modulation. To allow comparisons with [14] , performance is measured by the frame-error probability, , for a frame of 130 symbols. The SNR gap between the Rayleigh and discrete models for a given is roughly linear in ; e.g., doubling roughly halves the SNR gap. is required to get within 1 dB of the Rayleigh performance at . Although not shown here, simulations of space-time trellis codes [14] give similar results.
IV. OUTAGE CAPACITY
Pioneering work by Foschini and Gans [7] shows that large capacity is available deploying multiple antennas at the transmitter and receiver. Additional work which considers the effect of the channel propagation parameters on the channel capacity was done in [2] and [12] . Here, we investigate the varia- tions of the outage capacity in presence of the discrete multipath channel.
First, consider that perfect channel state information is available at the transmitter. The channel is then an ordinary memoryless channel with capacity [3] . Over time, the average maximum rate attainable over the channel is . If changes slowly for the duration of a codeword but fast enough so that the transmitter may vary power from one codeword to the next, overall capacity is attained by space-time water filling. Since the space-time water-filling process can only increase the capacity, this will give an upper bound . Fig. 3 shows the capacity 99th percentile (1% outage) of a system with for several values of . Note that the capacity of the Rayleigh channel is approximated when . This result agrees with previous results for the error probability.
In absence of channel state feedback, becomes an unknown constant which is fixed for the duration of the transmitted codeword. Such a channel is called an average channel and is then characterized by an outage capacity. A lower bound on the outage capacity can be obtained by taking the components of to be i.i.d. zero mean Gaussian variables with covariance . For the discrete multipath channel, we observe that both the capacity upper and lower bounds decrease as the number of multipaths decreases, especially for large arrays.
A. A Poisson Symmetric Model
So far, the number of multipath components has been regarded as fixed over time. However, propagation studies show that the number of multipath components is highly variable [10] , [15] . When a small outage probability (or error probability) is required, the outage (or error) event may be dominated by the possibility of few multipath components.
In [15] , empirical cumulative distribution functions of the number of multipath components in wireless local loops are consistent with a Poisson model with mean in the range of 6-9. Here, we model the number of multipaths as a Poisson-dis- tributed random variable (with parameter -), and show in Fig. 4 the capacity upper bound for 2, 4, 8, and 16, as a function of the average number of multipaths. The solid lines refer to the capacity bound and the dotted lines to the Rayleigh fading prediction. We observe that for small outage capacity values and a large number of antennas, the capacity is determined by the situation in which the number of multipaths is small. The capacity is small even for large arrays, because there is a significant probability that the number of multipaths is small, thereby limiting the available diversity.
V. CONCLUSIONS
We investigated the error probability and the outage capacity of space diversity systems in presence of a discrete multipath fading channel. We observed that the absence of a very rich multipath environment can severely degrade the performance of such systems. For multiple receive antenna systems, we found that the diversity gain is determined by the number of multipath components rather than the size of the receive antenna array. For systems with multiple transmit and receive antennas, performance degradation with respect to the Rayleigh model becomes significant, especially when the number of multipath components is . For perfect channel state information feedback to the transmitter, we observed that the capacity of the discrete channel can approach Rayleigh channel performance when . When the number of multipath components varies with time, we modeled the number of paths as a Poisson random variable, and found that for small outage capacity values and a large number of antennas, capacity is determined by the situation in which the number of paths is small.
